. Transcription of phzR was not altered in either mutant; however, phzI transcription was eliminated in strains 30-84W and 30-84.A2. These results indicated that the GacS/GacA two-component signal transduction system of P. aureofaciens 30-84 controls the production of AHL required for phenazine production by mediating the transcription of phzI. Addition of exogenous AHL did not complement either mutant for phenazine production, indicating that the GacS/GacA global regulatory system controls phenazine production at multiple levels. Our results reveal for the first time a mechanism by which a two-component regulatory system and an AHL-mediated regulatory system interact.
Precise regulation of gene expression in response to changing environmental conditions is essential for the survival of bacterial populations. Regulation is coordinated in response to a variety of environmental cues, including self-produced diffusible molecules that allow cell-to-cell communication within a population. One class of signal molecules, known as N-acylhomoserine lactones (AHLs), is utilized by many gram-negative bacteria to coordinate gene expression. AHLs accumulate in the extracellular environment and allow gene expression to be regulated in response to population density. In addition, AHL-mediated signal exchange between nonisogenic co-occurring bacterial populations (cross-communication) has been shown to affect gene expression in situ (13) . AHL-mediated gene regulation in these bacteria is controlled by proteins belonging to the LuxI/LuxR family of quorum-sensing regulators (3, 5) .
Regulation of bacterial gene expression in response to external environmental conditions is also often facilitated by two-component signal transduction systems (12) . These systems consist of a sensor kinase (SK) and a cytoplasmic response regulator (RR). In a typical two-component system, the SK is capable of autophosphorylation and, in response to a specific environmental signal(s), transfers the phosphate to the RR. Upon phosphorylation, the RR activates transcription of its target genes. A two-component signal transduction system that has been found in many plant-associated pseudomonads is the GacS/GacA (Global antibiotics and cyanide control) regulon. The SK GacS (formerly LemA) was first identified in the plant pathogen Pseudomonas syringae pv. syringae B728a, in which it is required for lesion formation on bean plants (24) . The RR GacA was first identified as a mediator of antibiotic production in the biological control bacterium Pseudomonas fluorescens CHA0 (9) . GacS and GacA regulate the expression of multiple phenotypes, and therefore this system is known as a global regulatory system.
It is increasingly evident that two-component regulatory systems and AHL-mediated regulatory systems rarely function independently; instead, they are components of complex regulatory signal cascade mechanisms (19) . A hierarchical cascade that regulates elastase production in Pseudomonas aeruginosa PAO1 includes the LasR/LasI and RhlR/RhlI AHL-mediated response systems, as well as the alternate sigma factor RpoS (8) . Recently, it was reported that production of N-butyrylhomoserine lactone (BHL), the cognate signal of the RhlR/ RhlI system, is reduced or delayed in gacA mutants of strain PAO1 (21) . However, a mechanism by which this two-component system affects BHL production was not defined. In this paper we describe the mechanism responsible for the linkage between a two-component signal transduction system and an AHL-mediated response system.
Pseudomonas aureofaciens 30-84 is a biological control bacterium that inhibits the fungal pathogen Gaeumannomyces graminis var. tritici, the causal agent of take-all disease of wheat. Strain 30-84 produces three phenazine antibiotics, which are primarily responsible for the control of G. graminis var. tritici (17) . Phenazine production is regulated by the PhzI/PhzR quorum-sensing system (16, 27) . PhzI is responsible for the synthesis of a specific AHL, N-hexanoyl-homoserine lactone (HHL), which accumulates as the bacterial population increases. As the concentration of HHL increases, PhzR is activated, which results in transcription of the phenazine biosynthetic operon (phzFABCD) (15) . In this paper we describe an additional level of regulation of phenazine production that involves transcriptional control of AHL production by a GacS/ GacA two-component regulatory system. Preliminary findings concerning this linkage have been reported previously (14, 19) .
MATERIALS AND METHODS
Bacteria and plasmids. The bacterial strains and plasmids used in this study are described in Table 1 . A spontaneous rifampin-resistant derivative of P. aureofaciens 30-84 (17) was used in all experiments. The media, conditions for growth, and antibiotic concentrations used have been described previously (16) .
DNA manipulations. DNA isolation, restriction enzyme digestion, agarose gel electrophoresis, ligation, and transformation were all performed as described previously (17) .
Quantitation of phenazine. Phenazine antibiotics were extracted from P. aureofaciens 30-84 and quantitated by UV-visible light spectroscopy as described previously (17) , with the following modifications. Briefly, cultures were grown in PPMD medium amended, when appropriate, with tetracycline (50 g/ml) at 28°C for 24 h. Five milliliters of each culture was centrifuged (3,000 ϫ g), and the supernatant was acidified (pH Ͻ2) with concentrated HCl. Following addition of 5 ml of benzene, samples were mixed for 1 h and centrifuged. Four milliliters of the benzene layer was decanted and dried under air. Samples were resuspended in 1 ml of 0.1 N NaOH, and the absorbance at 367 nm was determined.
AHL extraction and biological assays. AHL preparations were isolated from cell-free supernatants as described previously (13) . Briefly, 5-ml cultures of the Pseudomonas strains were grown overnight at 28°C with shaking in PPMD broth. Supernatants were collected following centrifugation (3,000 ϫ g) of the cultures. The supernatants were mixed for 1 h with a volume of acidified ethyl acetate (0.1 ml of acetic acid per liter) that was equal to the original volume of culture. After centrifugation (3,000 ϫ g), the ethyl acetate was decanted and evaporated under nitrogen. Extracts were resuspended in volumes of PPMD broth equal to the volumes of ethyl acetate decanted.
To assay for the production of AHL, 5-ml overnight cultures of Pseudomonas test strains were extracted as described above. The extracts were resuspended in PPMD broth amended with kanamycin (50 g/ml). Each sample was then inoculated with the AHL-specific P. aureofaciens reporter strain 30-84Z/I (phzI Ϫ phzB::lacZ) and allowed to grow with shaking at 28°C. ␤-Galactosidase activity was determined after 24 h as described by Miller (11) .
Effect of exogenous AHL on phenazine production. AHL was extracted from a 200-ml overnight culture of AHL ϩ strain 30-84Ice as described above. The dried extract was resuspended in 200 ml of PPMD broth and filter sterilized. The PPMD broth containing AHL was divided into 3-ml aliquots, and each aliquot was inoculated with one of the 30-84 derivative strains that were tested. Cultures were grown with shaking overnight at 28°C, and phenazine production was quantified as described above.
Assays for secondary metabolites. Assays to determine the production of hydrogen cyanide and extracellular protease were performed as described previously (13, 17) . Briefly, extracellular protease production was measured qualitatively by spotting 5-l portions of overnight cultures of each test strain on skim milk agar (Difco Laboratories). Formation of a zone of clearing around a colony indicated that extracellular protease was produced. Production of hydrogen Complementation of strain 30-84W. Introduction of a partial EcoRI-generated pLAFR3 genomic library of strain 30-84 into strain 30-84W resulted in identification of a single cosmid (pLSP619) based on its ability to restore phenazine production in the mutant. A 15-kb EcoRI fragment of the 33-kb fragment of 30-84 chromosomal DNA contained on pLSP619 was subcloned into pLAFR3 to generate pSTC110, which retained the ability to complement strain 30-84W for phenazine production. The complementing region was localized to a 4.5-kb EcoRI-PstI fragment of pSTC110, which was subcloned into pSTC121. Finally, a 2.2-kb KpnI-PstI fragment of pSTC121 was subcloned into pSTC122, which retained the ability to restore phenazine production to strain 30-84W. The KpnI-PstI fragment was subcloned further into pUC18 to generate pSTC140, which was used for DNA sequence determination.
DNA sequencing. The DNA sequence of the 2.2-kb KpnI-PstI fragment was determined at the University of Arizona Biotechnology Center by using an Applied Biosystems automatic DNA sequencer (model 373A, version 1.2.1). The primers used included M13 forward and reverse primers. Additional primers were designed by using sequence data and Oligo 4.05 Primer Analysis Software (National Biosciences, Inc., Plymouth, Minn.) and were synthesized by Gibco-BRL (Gaithersburg, Md.). The DNA sequence analysis was performed with the University of Wisconsin Genetics Computer Group software packages (version 9.1).
Construction of a gacA mutant. The P. aureofaciens 30-84 gacA gene contained on pSTC121 was disrupted by replacing an internal 50-base SmaI fragment with the kanamycin resistance cartridge from pHP45⍀-Km r . The resulting plasmid, pSTC161, was introduced into strain 30-84 by triparental mating. The disrupted gacA gene was marker exchanged into the 30-84 chromosome by homologous recombination. A kanamycin-resistant, tetracycline-sensitive, phenazine-defective recombinant was identified, and disruption of gacA was verified by Southern blot analysis (data not shown). This mutant was designated 30-84.gacA.
Transcriptional analysis. Transcriptional analyses of phzI were performed by utilizing a plasmid-borne phzI::uidA transcriptional fusion. To generate this construct, 410 bp was deleted from the 3Ј end of phzI on pLSP20H-2.7#7 by exonuclease III digestion. The truncated phzI was blunt ended by using S1 nuclease and was cloned into the EcoRI site of pLAFR3, which was also treated with S1 nuclease, in order to generate pDW7311. The 3.6-kb BamHI fragment of pWM6 containing the uidA-bla cassette was inserted into the BamHI site in pDW7311. The resultant plasmid, pDW7311uidA, was introduced into strain 30-84 and its derivatives. ␤-Glucuronidase (GUS) activity was assayed as described by Wilson et al. (25) after growth with shaking in PPMD medium for 24 h at 28°C. Transcriptional analyses of phzR were performed by utilizing a phzR::lacZ transcriptional fusion on plasmid pLSP259Tn5lac#42 (16) . ␤-Galactosidase was assayed as described by Miller (11) .
Statistical analysis. Treatment effects were determined by analysis of variance by using SAS software (version 6.12 for UNIX, 1993; SAS Institute Inc., Cary, N.C.). Means were compared by performing an analysis of variance after least significant difference multiple comparisons were performed.
Nucleotide sequence accession number. The nucleotide sequence of P. aureofaciens 30-84 gacA has been deposited in the GenBank database under accession no. AF115381.
RESULTS
Isolation of two novel phenazine mutants. Two spontaneous mutants of P. aureofaciens 30-84, 30-84W and 30-84.A2, were selected based on their failure to produce the orange phenazines characteristic of strain 30-84. Strain 30-84W was isolated as a spontaneously occurring white colony on a PPMD agar plate. Strain 30-84.A2 was isolated as a single white colony on a PPMD agar plate following Tn5 mutagenesis of P. aureofaciens 30-84. However, sequence analysis of the DNA regions flanking the Tn5 insertion in strain 30-84.A2 did not reveal an open reading frame or extensive similarity to any other gene in the database, suggesting that a second, spontaneous mutation is responsible for the mutant phenotype (data not shown). UV-visible light spectroscopy of culture extracts of strains 30-84W and 30-84.A2 revealed that the ability to produce phenazine was completely lost by the mutants ( Table 2 ). Both of the mutants had a characteristic fluorescent green appearance and, when plated onto King's medium B agar, produced more intense fluorescent halos than wild-type strain 30-84 produced. Cosmid pLSP259 containing phzI, phzR, and the phenazine biosynthetic locus (phzFABCD) of strain 30-84 failed to restore phenazine production when it was introduced into strain 30-84W or 30-84.A2, indicating that each mutant was mutated in a gene outside the immediate phenazine regulon. Analysis of a phzB::lacZ genomic fusion indicated that the level of phenazine gene expression in a gacA mutant was Ͻ1% of the level of expression in strain 30-84Z. Introduction of gacA in trans fully restored phzB expression, indicating that the effect of the gacA mutation on phenazine production occurred at the level of transcription of the phenazine biosynthetic genes (data not shown).
Characterization of strains 30-84W and 30-84.A2. To identify the region(s) of the 30-84 chromosome responsible for the observed phenotypes, a genomic library of strain 30-84 was introduced into strains 30-84W and 30-84.A2 by triparental mating. Transconjugants were screened for the restoration of phenazine production. We identified a single cosmid, pLSP619, containing a 33-kb fragment of the 30-84 chromosome, which complemented strain 30-84W to wild-type levels of phenazine production (data not shown). A complementation analysis identified a 2.2-kb KpnI-PstI fragment that was present in subclone pSTC122 and was sufficient to restore phenazine production to strain 30-84W. Sequence analysis of this fragment revealed a single 213-amino-acid open reading frame whose predicted product was very similar to the products of gacA of P. fluorescens CHA0 (98%) and gacA of P. syringae pv. syringae B728a (93%). In order to verify that mutation of gacA in the spontaneous mutant strain 30-84W was responsible for these phenotypes, a gacA disruption mutant, strain 30-84.gacA, was constructed. The phenotype of strain 30-84.gacA was identical to the phenotype of strain 30-84W, and each mutant phenotype was completely restored by pSTC122. Because GacA in other pseudomonads is known to regulate a variety of secondary metabolites, including protease and hydrogen cyanide (HCN) (9, 22) , strains 30-84W and 30-84.gacA were assayed to determine whether they produced these compounds. Neither strain produced protease or HCN. Complementation of the mutants with pSTC122 restored production of both compounds to the mutants. Strains 30-84W and 30-84.gacA were also complemented by gacA of P. fluorescens CHA0 contained on pME3066.
Strain 30-84.A2 had a phenotype similar to that of mutants 30-84W and 30-84.gacA (Phz Ϫ protease Ϫ HCN Ϫ ). Due to this similarity and due to the fact that this mutant was not complemented by gacA, we predicted that the mutation in strain 30-84.A2 may reside in the cognate GacA SK encoded by gacS in other pseudomonads. Southern hybridization of strain 30-84 genomic DNA probed with gacS from P. syringae pv. syringae B728a detected a single hybridizing EcoRI fragment (data not shown). However, we identified no cosmid from the 30-84 genomic library that complemented 30-84.A2. Nevertheless, complementation with the heterologous gacS (lemA) gene from P. syringae pv. syringae B728a (6) (Table 2) or the gacS (apdA) gene from P. fluorescens Pf-5 (1) (data not shown) restored all phenotypes in strain 30-84.A2. These data are consistent with the hypothesis that strain 30-84.A2 is a gacS mutant.
GacA is required for AHL production. To determine whether complementation of phenazine production in strains 30-84.gacA and 30-84.A2 by gacA and gacS, respectively, was correlated with the ability to produce AHL, the effects of mutations in gacA or gacS on AHL production were determined with strain 30-84Z/I (phzB::lacZ phzI::Km r ) as a reporter (Table 2) . Plasmids pSTC121, pME3066, pEMH97, and pLAFR3 were conjugated into strains 30-84.gacA, 30-84W, 30-84.A2, and 30-84Ice. 30-84Ice is a Phz Ϫ AHL ϩ derivative of 30-84 and was used in this study as a positive control for AHL production because coextraction of phenazines with AHL made assaying wild-type strain 30-84 for AHL difficult. The level of production of AHL in the gacA and gacS mutants was ca. 10% of the level of production in the strain 30-84Ice control ( Table 2 ). The levels of production of AHL by strains 30-84.gacA and 30-84W were restored to wild-type levels by the presence in trans of either gacA from strain 30-84 on pSTC121 or gacA from P. fluorescens CHA0 on pME3066. Introduction of gacS from P. syringae pv. syringae on pEMH97 had no effect on the expression of AHL in either strain 30-84.gacA or strain 30-84W. In contrast, strain 30-84.A2 complemented by the presence of gacS from P. syringae pv. syringae on pEMH97 produced wild-type AHL levels (Table 2 ), but addition of gacA in trans had no effect. Additional copies of gacA or gacS had no effect on the production of AHL in the positive control strain 30-84Ice.
Exogenous AHL does not restore phenazine production to mutants. Strain 30-84I does not produce phenazines in the absence of exogenous AHL (27) . To determine if the inability of strains 30-84.gacA, 30-84W, and 30-84.A2 to produce phenazine is due solely to the inability of the organisms to produce AHL, AHL extracted from strain 30-84Ice (AHL Table 3 ). The activity of the extracted AHL was confirmed by its ability to restore phenazine production to the AHL Ϫ strain 30-84I.
GacA is required for phzI transcription. To determine whether the loss of AHL production in the gacA or gacS mutants was due to a direct effect on the PhzI/PhzR system, a phzI::uidA transcriptional fusion was utilized to determine if GacA regulates AHL production at the level of transcription of phzI. The phzI::uidA construct in pDW7311uidA measures phzI transcription as GUS activity. The GUS activities from the phzI::uidA fusion in all of the gacA and gacS mutants were less than 8% of the GUS activity in wild-type AHL strain 30-84Z (Table 4 ). The expression of phzI in the phzR mutant 30-84R was about one-half the expression in the PhzR ϩ strain 30-84Z, which is consistent with the supposition that phzI transcription 
a Absorbance at 367 nm of phenazine extracted from supernatants of overnight cultures resuspended in 0.1 N NaOH and diluted 10
Ϫ1
. b The values are means Ϯ standard errors based on three replicates per treatment. Means followed by the same letter are not significantly different. c ␤-Galactosidase activity produced by AHL reporter strain 30-84Z/I grown in PPMD medium amended with AHL extracted from culture supernatants of selected test strains (11) .
d Determined qualitatively as described in Materials and Methods. e ND, not determined. f 30-84Ice was used as a positive control for AHL production due to coextraction of phenazines with AHL from strain 30-84. is increased by AHL-activated PhzR (27) . To test if GacS/ GacA affected the transcription of phzR, expression of a plasmid-borne phzR::lacZ transcriptional fusion was measured.
There was no significant difference in phzR transcription between positive control strain 30-84Ice and mutant strains 30-84.gacA, 30-84W, and 30-84.A2, as judged by ␤-galactosidase activity (Table 4) .
DISCUSSION
This study is the first to describe a mechanism for direct linkage between a two-component sensory transduction system and an AHL-mediated regulatory system to control gene expression. Previous work showed that phenazine production in P. aureofaciens 30-84 is regulated by the AHL-mediated PhzI/ PhzR response system and its cognate signal HHL (16, 18, 27) .
In this study, we demonstrated that GacS/GacA controls AHL production via transcriptional regulation of phzI. The level of expression of phzI in a gacA or gacS mutant was less than 8% of the level of expression in the wild type, and expression was fully restored by complementation of the mutations with the appropriate wild-type gacA or gacS gene. Since AHL is required for phenazine gene expression, GacS/GacA mutants of 30-84 are not able to produce phenazine antibiotics.
Our data suggest that in addition to control of phzI transcription, GacS/GacA also controls phenazine production in an AHL-independent manner. Since GacS/GacA controls AHL production and AHL is required for phenazine expression, we determined whether exogenous AHL functionally complemented gacA and gacS mutants. Surprisingly, addition of AHL extracted from AHL-producing derivatives of strain 30-84 failed to restore phenazine production to the mutants (Table  3 ). The simplest explanation for this is that GacS/GacA regulates transcription of phzR as well. However, phzR transcription was not altered in the GacS/GacA mutants (Table 4) .
One hypothesis to explain the second level of phenazine regulation by GacA is that multiple regulatory proteins bind to the phenazine promoter region to activate phenazine biosynthesis. According to current models for AHL-mediated gene activation, PhzR binding to a consensus lux box is required (5) . A potential lux box is located upstream of both phzI (27) and the phenazine biosynthetic locus (phzFABCD) (20) . Extra copies in trans of the region containing this lux box result in a reduction in phenazine gene expression (16) . However, introduction in trans of a 0.3-kb subclone of this region in which one-half of the lux box was deleted also caused a reduction in phenazine gene expression. This is consistent with the hypothesis that the concentration of a second transcriptional activator of phenazine expression may be reduced by titration. The second transcriptional activator may be GacA itself or another protein under regulation of GacA (Fig. 1) . The hypothesis that a second regulatory protein is involved is supported by the recent identification of SalA, a regulator of syringomycin production in P. syringae pv. syringae B728a, which is under GacS/ GacA control (7). The requirement for two activators, although unusual, would explain the inability of exogenous AHL to complement GacS/GacA mutants of strain 30-84.
Recent evidence suggests that regulatory systems, such as two-component and AHL-mediated regulatory systems, may not function independently but may be components of integrated regulatory networks. A linkage between GacA and AHL-mediated regulation was demonstrated previously in P. aeruginosa PAO1 (21) . Disruption of gacA in strain PAO1 resulted in reduced or delayed production of the BHL involved in regulation of pyocyanin, hydrogen cyanide, and lipase (21) . However, no mechanism was proposed for the influence of GacA on BHL production in this strain. A linkage has also been demonstrated between an AHL regulatory system and the stationary-phase sigma factor RpoS in P. aeruginosa (8) .
Integrated regulatory schemes may allow bacteria to regulate expression of a wide array of potentially unrelated genes in a coordinated manner in response to multiple environmental signals. In order to test this hypothesis, a better understanding of the mechanisms of interactions between regulatory systems is necessary. Future research will focus on identifying the second mechanism by which GacA is involved in the sensory transduction system to regulate phenazine biosynthesis in strain 30-84. 163 Ϯ 6 C ND a GUS activity produced from a plasmid-borne phzI::uidA transcriptional fusion (25) .
b Strains 30-84Z and 30-84Ice were included as controls for phzI and phzR expression, respectively. The values are means Ϯ standard errors based on three replicates per treatment. Means followed by the same letter are not significantly different.
c ␤-Galactosidase activity produced by a plasmid-borne phzR::lacZ transcriptional fusion (11) .
d ND, not determined.
